Genetic transformation in Haemophilus influenzae Rd has been well characterized at the mechanistic level (for a review, see reference 8). The terminal step of transformation requires the homologous recombination of donor DNA into the recipient genome. This process is dependent on a gene product(s) encoded at the rec-J locus of H. influenzae that is presumably analogous to the Escherichia coli recA protein (1, 22, 23) .
Genetic transformation in Haemophilus influenzae Rd has been well characterized at the mechanistic level (for a review, see reference 8). The terminal step of transformation requires the homologous recombination of donor DNA into the recipient genome. This process is dependent on a gene product(s) encoded at the rec-J locus of H. influenzae that is presumably analogous to the Escherichia coli recA protein (1, 22, 23) .
Mutants of the rec-l locus exhibit various phenotypes with respect to recombination (20) , transformation, sensitivity to UV irradiation, and mitomycin C and prophage induction (1, 11-14, 22, 23) .
Thus far, at least three classes of mutants in the rec-J locus have been identified. Members of the first class carry the mutation rec-J and are phenotypically similar to recA mutants of E. coli. These strains are highly recombination deficient, as measured by decreases in genetic transformation frequencies of at least 10,000-fold (11) . In addition, rec-l mutants lack the ability to induce prophages and are the most sensitive among the three mutant classes to DNAdamaging agents. The ird mutants (intermediary recombination deficient [14] ) of H. influenzae are slightly recombination deficient, with decreases in transformation frequency of 3-to 10-fold. Prophage induction is hormal, and they are less sensitive to mitomycin C than rec-l strains are. The HM5 mutant of H. influenzae carries a mutation in the rec-J gene region which reduces transformation about 100-fold because, although donor-recipient DNA complexes are formed, they do not replicate under standard conditions (12) . The HM5 mutant is also less sensitive to UV radiation than rec-J mutants are, and prophage induction is normal. To better understand the relationship between transformation and mutations at the rec-J locus, we undertook the cloning of this region.
We devised two methods to clone H. influenzae recA-like genes. First, we used cloned Erwinia carotovora and Pseudomonas aeruginosa PAO recA genes as probes to identify similar gene sequences in H. influenzae by Southern hybridization. Second, we used a genetic selection procedure for recombinases based on the inability of red gam mutants of bacteriophage lambda to form plaques on recA mutants of E. coli (the Fec phenotype).
In this report we show that each method resulted in the cloning of a different H. influenzae EcoRI restriction fragment that encoded rec-l-complementing activity. The genes were named rec and fec by virtue of the manner in which they were isolated.
MATERIALS AND METHODS
Bacterial strains and culture conditions. Table 1 describes the H. influenzae Rd and E. coli K-12 strains used in this study. H. influenzae strains were grown in 2.5% heart infusion broth or 3.7% brain heart infusion broth (Difco Laboratories, Detroit, Mich.) supplemented (per milliliter) with 10 ,ug of hemin and 2 .ag of NAD (Sigma Chemical Co., St. Louis, Mo.). For agar pour plates, Bacto-Agar (Difco) was added to broth medium at a final concentration of 1%. H. influenzae cells were made competent for chromosomal DNA transformation by the MIV procedure of Herriott et al. (7) . H. influenzae plasmid DNA transformation was done by the glycerol-stimulated method of Stuy and Walter (27) . E. coli cells were made competent for plasmid transformation by the CaCl2 method (18) . The following antibiotics (Sigma) were used at the indicated final concentrations (in micrograms per milliliter) for selection in H. influenzae: streptomycin, 500; novobiocin, 2.5; kanamycin, 35. E. coli strains were subcultured in LB broth (25) . During manipulations with bacteriophage lambda, strains were propagated in TB broth and plated onto TB agar plates in TB top agar (25 Fig. 2 (Rec) (Table 3) . However, strains DB117(pHKFec) and DB117(pHKRec) were transformed at wild-type levels (0.1 to 1.0%).
Another characteristic of rec-J mutants of H. influenzae is increased sensitivity to UV irradiation. Plasmids carrying the fec or rec genes restored the UV resistance of the rec-l mutant DB117 to a level equal to that of the rec-l+ strain KW20 (Fig. 3) . Overnight cultu,re supernatants of rec-J strains of H. influenzae lysogenic for phage HP1 contain fewer PFU than do supernatants from rec-J + strains (22) . When assayed, the rec-I strain Rd 1634(pHK) produced 50-fold fewer PFU per milliliter than the isogenic rec-J + strains Rd 1633(pHK) and Rd 1633(pHKFec) did ( BglII site had no effect on the Fec phenotype (Fig. 4,  pGB11-7) , nor did the deletion of 2.2 kb of DNA from the leftward EcoRI site through the unique ScaI site (pGBF14). However, deletion of the 0.7-kb HindIII-EcoRI fragment resulted in a Fec-phenotype (pGBd3). We concluded that the fec gene lies in the 1.4-kb region between the ScaI site and the right end of the fragment and that the unique HindIlI site was in the fec gene.
The rec gene was localized by subcloning to the 1.8-kb Clal-EcoRI fragment from pGBH1. The restriction maps of the fec and rec gene-containing EcoRI fragments were colinear with respect to ClaI, ScaI, Hindlll, and EcoRI restriction sites (Fig. 2) . Deletion of the 0.7-kb HindlIlEcoRI fragment from pGBRCE resulted in the Fec-plasmid pGBRCd3. Thus, like fec, the rec gene is located downstream of the ClaI site and contains a HindIII site.
Identification of polypeptides encoded by cloned rec-lcomplementing genes. Plasmid-encoded polypeptides were expressed in E. coli by using a bacteriophage T7 RNA polymerase-directed system. Plasmid pTZ18R encoded two polypeptides that corresponded to the precursor and mature forms of ,B-lactamase, the product of the plasmid bla gene (Fig. 5, lane 4) . Plasmid pGBFR1, containing the 3. 2, encoded a new major polypeptide with an Mr of 38,000 (Fig. 5, lane 1) . Plasmid pGBFR2, containing the same insert but in the opposite orientation, encoded only ,-lactamase (data not shown). Plasmid pGBRCE, containing the rec gene on a 1.8-kb ClaI-EcoRI fragment so that the T7 promoter was ClaI proximal (Fig. 2) , also encoded a single unique polypeptide with an Mr of 38,000 (Fig. 5, lane 3) . The Fecplasmid pGBd3, prepared by deleting in vitro the 0.7-kb HindIII-EcoRI fragment from pGBFR1, encoded a truncated form of the protein with an Mr of 25,000 (Fig. 5, lane 2) .
DNA sequence homologies offec and rec gene regions. We were intrigued by the possibility that H. influenzae might contain two rec-l-complementing genes, and yet, only one of these, rec, was identified by hybridization with cloned heterologous recA-like gene probes from two gram-negative organisms. Thus, genomic DNA from H. influenzae KW20 and MAP7 was digested with EcoRI and processed for Southern hybridization. The 3.6-kbfec probe hybridized to a 3.6-kb fragment and a 3.1-kb fragment in each strain (Fig.  6A, lanes 2 and 3) . When the 3.1-kb rec fragment was used as a probe with the same filter, again both the 3.6-and 3.1-kb fragments were detected in each strain. Surprisingly, the 3.1-kb fragment also detected four additional EcoRI restriction fragments ranging in size from ca. 1.6 to 15 kb in each strain (Fig. 6B, lanes 2 and 3) restriction endonuclease cleavage sites of the cloned DNAs were colinear, and each fragment encoded a 38,000-dalton polypeptide. This is the size reported by Kooistra et al. (13) for the Rec-1 protein in H. influenzae whole-cell lysates.
Interestingly, this is also the size of the E. coli RecA protein (9) . We initially suspected that we had cloned a single gene, a portion of which was contained on an invertible DNA segment, thus accounting for the two differently sized DNAs. Two pieces of data refute this hypothesis.
First, the 0.7-kb HindIII-EcoRI fec probe that contained about 325 bp of coding sequence, detected in Southern hybridizations only one of the two EcoRI fragments, demonstrating that the two genes differ at the DNA sequence level. Second, if the rec gene (or part of) were contained on an invertible DNA segment so that a cell culture represented a mixed population with some cells containing the 3.1-kb fragment and the remainder of the cells containing the 3.6-kb fragment, Southern analysis of EcoRI-digested chromosomal DNA, when probed with the 3.6-kb fec fragment, should reveal three hybridization signals: the 3.1-and 3.6-kb fragments and a third fragment of unknown size homologous to thefec probe and found in the 3.1-kb fragment-containing strains. When performed, this experiment revealed only two hybridization signals, the 3.1-and 3.6-kb fragments (Fig.  6A) Alternatively, the fec and rec gene products may be capable of interacting in such a way that mutants formally analogous to lacI-d mutants (i.e., trans-dominant) containing mutations in either fec or rec would be phenotypically Rec-. The genes may simply be close enough that a small deletion or multiple point mutations can inactivate both. Consistent with this is the fact that strains of H. influenzae carrying mutations in the l ec-l gene region have been isolated after mutagenesis by N-methyl-N'-nitro-nitrosoguanidine, a compound that is known to promote multiple closely linked point mutations (6) . Also, we have never detected revertants of the rec-I mutant.
Setlow et al. (23) have observed that when rec-l mutants were transformed to Smr with wild-type DNA, about 50% of the transformants were Rec+. However, when rec-lI cells were transformed to Smr with DNA from a Smr rec-I mutant, only 4% of the transformants were Rec-. The nonreciprocity of the transformations can be explained by invoking the existence of two rec-I alleles, each of which is linked to Smr, wherein cells are phenotypically Rec+ if either gene is functional but Rec-only when both genes are inactivated.
With both rec and fec genes in hand as hybridization probes, it will be interesting to determine the physical nature of the rec-I mutation in strain DB117 and other rec-l gene region mutant strains (11) (12) (13) (14) . Such strains exhibit great variations in their ability to genetically transform and induce HP1 prophage, a fact that is, perhaps, also consistent with the presence of two rec-J gene copies.
